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(54) NW Twisted nematic LCD with negative and tilted retarders on one side of liquid crystal cell 

(57) A normally white twisted nematic (TN) liquid 

crystal display (LCD) outputs improved viewing charac- ^\ 
teristics which are defined by high contrast ratios and/or 
reduced inversion. The display includes a pair of nega- 
tive tilted retarders located on one side of the liquid 
crystal layer, each of the tilted retarders including a tilt or 
incline angle which varies throughout the thickness of 
the layer. Additionally, one or two negative uniaxial or 
biaxial retarders are provided on the same side of the 
LC layer as the tilted retarders. As a result of the partic- 
ular orientations, alignments, and retardation values 
described in the different embodiments herein, the dis- 
play exhibits improved contrast and reduced inversion, 
often in the same viewing areas. 
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Description 

This invention relates to a normally white (NW) liq- 
uid crystal display (LCD) including tilted and negative 
retardation films or retarders. More particularly, this 
invention relates to a NW twisted nematic (TN) LCD 
including a pair of tilted retarders and at least one neg- 
ative retarder arranged on one side of the liquid crystal 
(LC) layer in a manner so as to provide improved con- 
trast and reduced gray level inversion. 

BACKGROUND OF THE INVENTION 

Contrast ratio (CR) is one of the most important 
attributes considered in determining the quality of both 
normally white (NW) and normally black (NB) LCDs. 
The contrast ratio (CR) in a normally white display is 
determined in low ambient conditions by dividing the 
"off-state" light transmission (high intensity white light) 
by the "on-state" or darkened transmitted intensity. For 
example, if the "off-state" transmission is 200 fL at a 
particular viewing angle and the "on-state" transmission 
is 5 fL at the same viewing angle, then the display's con- 
trast ratio at that particular viewing angle is 40 (or 40:1) 
for the particular driving voltages utilized. 

Accordingly, in normally white LCDs, a significant 
factor adversely limiting contrast ratio is the amount of 
light which leaks through the display in the darkened or 
"on-state." In a similar manner, in normally black dis- 
plays, a significant factor limiting the contrast ratio 
achievable is the amount of light which leaks through 
the display in the darkened or "off-state." The higher 
and more uniform the contrast ratio of a particular dis- 
play over a wide range of viewing angles, the better the 
LCD in most applications. 

Normally black (NB) twisted nematic displays typi- 
cally have better contrast ratio contour curves or char- 
acteristics than do their counterpart NW displays (i.e. 
the NB image can often be seen better at large or wide 
viewing angles). However, NB displays are optically dif- 
ferent than NW displays and are much more difficult to 
manufacture due to their high dependence on the cell 
gap or thickness "d" of the liquid crystal layer as well as 
on the temperature of the liquid crystal (LC) material 
itself. Accordingly, a long-felt need in the art has been 
the ability to construct a normally white (NW) display 
with high contrast ratios over a large range of viewing 
angles, rather than having to resort to the more difficult 
and expensive to manufacture NB displays in order to 
achieve these characteristics. 

What is often needed in NW LCDs is an optical 
compensating or retarding element(s), i.e. retardation 
film(s), which introduces a phase delay that restores the 
original polarization state of the light, thus allowing the 
light to be substantially blocked by the output polarizer 
(analyzer) in the "on-state." Optical compensating ele- 
ments or retarders are known in the art and are dis- 
closed, for example, in U.S. Patent Nos. 5.184.236; 



5,189,538; 5,406,396; 4,889,412; 5,344,916; 
5,196,953; 5,138,474; and 5,071,997. 

The disclosures of U.S. Patent Nos. 5,570,214 and 
5,576,861 in their respective "Background" sections 

5 illustrate and discuss contrast ratio, and driving voltage 
versus intensity (fL), graphs of prior art NW displays 
which are less than desirable. Prior art NW LCD viewing 
characteristics are problematic in that, for example, their 
contrast ratios are limited horizontally and/or vertically 

io (and are often non-symmetric), and their gray level per- 
formance lacks consistency. 

Gray level performance, and the corresponding 
amount of inversion, are also important in determining 
the quality of an LCD. Conventional active matrix liquid 

is crystal displays (AMLCDs) typically utilize anywhere 
from about 8 to 64 different driving voltages. These dif- 
ferent driving voltages are generally referred to as "gray 
level" voltages. The intensity of light transmitted through 
the pixel(s) or display depends upon the driving voltage 

20 utilized. Accordingly, conventional gray level voltages 
are used to generate dissimilar shades of color so as to 
create different colors and images when, for example, 
the shades are mixed with one another. 

Preferably, the higher the driving voltage in a nor- 

25 mally white display, the lower the intensity (fL) of light 
transmitted therethrough. The opposite is true in NB dis- 
plays. Thus, by utilizing multiple gray level driving volt- 
ages, one can manipulate either a NW or. NB LCD to 
emit desired intensities and shades of light/color. A gray 

30 level voltage V ON is generally known as any driving volt- 
age greater than V th (threshold voltage) up to about 3.0 
to 6.5 volts, although gray level voltages may be as low 
as 2.0 in certain applications. 

Gray level intensity in an LCD is dependent upon 

35 the display's driving voltage. It is desirable in NW dis- 
plays to have an intensity versus driving voltage curve 
for as many viewing angles as possible wherein the 
intensity of light emitted from the display or pixel contin- 
ually and monotonically decreases as the. driving volt- 

40 age increases. In other words, it is desirable to have 
gray level performance in a NW pixel such that the 
transmission intensity (fL) at 6.0 volts is less than that at 
5.0 volts, which is in turn less than that at 4.0 volts, 
which is less than that at 3.0 volts, which is in turn less 

45 than that at 2.0 volts, etc. Such desired gray level curves 
across a wide range of view allows the intensity of light 
reaching viewers at different viewing angles to be easily 
and consistently controlled. It is also desirable that all 
such curves have substantially the same slope. 

so U.S. Patent Nos. 5,576,861 and 5,570,214 discuss, 
in their respective "Background" sections, prior art NW 
LCDs with inversion problems (e.g. inversion humps). 
As discussed therein, inversion humps are generally 
undesirable. A theoretically perfect driving voltage ver- 

55 sus intensity (f L) curve for an NW display would have a 
decreased intensity (fL) for each increase in gray level 
driving voltage at all viewing angles. In contrast to this, 
inversion humps represent increase(s) in intensity of 
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radiation transmitted or emitted from the LCD or light 
valve (LV) for a corresponding increase in gray level 
driving voltage. Accordingly, it would satisfy a long-felt 
need in the art if a normally white TN liquid crystal dis- 
play could be provided with no or little inversion and 
improved contrast ratios over a wide range of viewing 
angles. 

U.S. Patent No. 5,583,679 discloses an LCD includ- 
ing an optical compensating sheet that includes a dis- 
cotic structure and negative birefringence, with the 
discotic structure unit having an inclined plane. Unfortu- 
nately, the contrast ratios and inversion characteristics 
resulting from displays of the '679 patent have been 
found by the instant inventors to be less than desirable. 
Certain embodiments of the instant invention described 
herein exhibit surprisingly improved results with respect 
to contrast ratio and/or inversion as compared to the 
'679 patent. 

In the prior art, some have been able to separately 
and independently reduce inversion or improve contrast 
in given viewing zones, but typically if contrast is 
improved upon, then inversion characteristics suffer. To 
date, those in the art have been unable to improve both 
contrast and inversion in the same viewing area of a dis- 
play as taught below in accordance with the instant 
claimed invention. 

It is apparent from the above that there exists a 
need in the art for a normally white TN liquid crystal dis- 
play wherein the viewing zone of the display has high 
contrast ratios and/or little or no inversion over a wide 
range of viewing angles. Furthermore, there exists a 
need in the art for improved contrast and reduced inver- 
sion in the same viewing zone (e.g. in the upper vertical 
viewing zone principally utilized by pilots of aircraft in 
avionic applications). 

The term "rear" when used herein but only as it is 
used to describe substrates, polarizers, electrodes, 
buffing films or zones, and orientation films means that 
the described element is on the backlight side of the liq- 
uid crystal material, or in other words, on the side of the 
LC material opposite the viewer. 

The term "front" when used herein but only as it is 
used to describe substrates, polarizers, electrodes, 
buffing films or zones and orientation films means that 
the described element is located on the viewer side of 
the liquid crystal material. 

Unless otherwise specified, the actual LCDs and 
light valves made and/or tested herein included a liquid 
crystal material with a birefringent value (An) of 0.0854 
at room temperature, Model No. ZLI-471 8 obtained from 
Merck. 

Unless otherwise specified, the term "retardation 
value" as used herein for uniaxial retarders means "d • 
An" of the retardation film or plate, where "d" is the film 
or plate thickness and "An" is the film birefringence (i.e. t 
difference in indices of refraction). 

The term "interior" when used herein to describe a 
surface or side of an element (or an element itself). 



means that closest to the liquid crystal material. 

The term "light valve" as used herein means a liquid 
crystal display including a rear linear polarizer, a rear 
transparent substrate, a rear continuous pixel electrode, 
5 a rear orientation film, an LC layer, a front orientation 
film, a front continuous pixel electrode, a front substrate, 
and a front linear polarizer (i.e. without the presence of 
color filters and active matrix driving circuitry such as 
TFTs). Such a light valve may also include retardation 
10 film(s) disposed on either side of the LC layer as 
described with respect to each example and/or embod- 
iment herein. In other words, a "light valve" (LV) may be 
referred to as one giant pixel without segmented elec- 
trodes. 

is For all circular contrast ratio graphs herein, 
"EZContrast" equipment available from Eldim of Caen, 
France (ID #204F) was used to develop these graphs. 
This equipment includes a system for measuring Lumi- 
nance and Contrast versus viewing angle (incident 

20 (polar) and azimuth angle), utilizing 14 bits A/D conver- 
sion to give luminance measurements from 1/10 to 
8,000 cd/m 2 , with an accuracy of 3% and a fidelity of 
1%. A temperature regulated CCD sensor with a pho- 
topic response (and specially designed lenses) are part 

25 of this commercially available Eldim system and corre- 
sponding software. The measurement device of this 
Eldim system includes a specially designed large view- 
ing angle lens system having a numerical, aperture of 
0.86. The Eldim software is Windows™ 3.1 based, run- 

30 ning on any 486 and above PC, supporting DDE inter- 
face with other programs. 

Unless otherwise specified, all examples herein 
were carried out at approximate 25°C. 

All measured real data herein, in the Examples. 

35 included the non-uniform characteristics of the backlight 
over a range of angles. Backlights are more intense at 
normal than at wide angles. 

SUMMARY OF THE INVENTION 

40 

The instant inventors have surprisingly and unex- 
pectedly found improved viewing characteristics as a 
result of: (i) T 2 azimuthal parallel ±10° (i.e. substantially 
parallel) to P R ; (ii) P R parallel ±10° (i.e. substantially 

is parallel) to B R , and P F likewise substantially parallel to 
B F ; (iii) the tilted retarders each oriented so that the side 
having the largest tilt angle (e.g. from 30° - 85°) faces 
the backlight and is thus the first side of the retarder hit 
with light emitted therefrom; (iv) azimuthal perpen- 

»o dicular ±10° (i.e. substantially perpendicular) to T 2 azi- 
muthal; (v) T t azimuthal parallel ±10° (i.e. substantially 
parallel) to B F ; and/or (vi) T 2 azimuthal anti-parallel ±1 0° 
(i.e. substantially anti -parallel) to B R . Points (i) - (vi) 
above are true when both tilted retarders are on the rear 

5 side of the LC layer, but are symmetrically reversed 
when they are instead on the front side of the LC layer. 
It is noted that, for example, the phrase "parallel ±10°" 
means parallel or within 10° of parallel in either direc- 
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tions. 

Generally speaking, this invention fulfills the above- 
described needs in the art by providing a normally white 
TN LCD comprising: 

a twisted nematic LC layer for twisting (optical rota- 
tion) at least one normally incident wavelength of 
visible light from about 80°-100° when in the off- 
state; 

front and rear orientation means (e.g. alignment 
layers) sandwiching the liquid crystal layer therebe- 
tween, the front orientation means including a front 
orientation direction and the rear orientation means 
including a rear orientation direction different than 
the front orientation direction; 

first and second tilted retardation layers located on 
the rear side of the liquid crystal layer so as to be 
sandwiched between a rear polarizer and the liquid 
crystal layer, the second tilted retardation layer dis- 
posed between the first tilted retardation layer and 
the liquid crystal layer; 

each of the first and second tilted retardation layers 
defining an azimutha! angle, and a polar or incline 
angle which varies in at least one direction (upward 
or downward) through the thickness of the layer; 
and 

wherein the azimuthal angle of the first tilted 
retardation layer is oriented parallel ±10° relative to 
the front orientation direction (or alignment direc- 
tion), and the azimuthal angle of the second tilted 
retardation layer axis is oriented parallel ±10° (sub- 
stantially parallel) relative to a transmission axis of 
the rear polarizer. 

In certain preferred embodiments, the azimuthal 
angles of each of the first and second tilted retardation 
layers remain substantially fixed throughout the thick- 
ness of the layers, while the polar or incline angles vary 
either continuously or intermittently 

In certain embodiments, the display further 
includes first and second negative retardation layers 
also on the rear side of the liquid crystal layer, each of 
the first and second negative retardation layers being 
defined by one of: (i) n x > n y > n 2 ; and (ii) 

In certain embodiments, each tilted retarder has a 
retardation value d • (n e - n 0 ) of from about -20 to -200 
nm, and preferably from about -50 to -150 nm, and most 
preferably from about -1 00 to -1 50 nm. 

This invention will now be described with respect to 
certain embodiments thereof, along with reference to 
the accompanying illustrations, wherein: 



BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic diagram of the optical com- 
ponents of a normally white (NW) twisted nematic (TN) 

s liquid crystal display (LCD) including a pair of negative 
tilted retarders and a pair of negative non-tilted biaxial 
retarders all on one side of the liquid crystal layer, 
according to an embodiment of this invention. 

Figure 2 illustrates the angular relationship 

10 between the respective axes of the optical components 
of the Figure 1 embodiment, as viewed from the point of 
view of the viewer 1 (i.e. as viewed from the front of the 
display). 

Figure 3 is a schematic diagram of the optical com- 
15 ponents of an NW twisted nematic LCD including a pair 
of negative tilted retarders and a pair of negative non- 
tilted retarders all on one side of the liquid crystal layer, 
according to another embodiment of this invention. 

Figure 4 illustrates the angular relationship 
20 between the respective axes of the Figure 3 embodi- 
ment of this invention, as viewed from the point of view 
of the viewer. 

Figure 5 is a schematic diagram of the optical com- 
ponents of an NW twisted nematic LCD similar to that 
25 shown, in Figures 3-4, except that the Figure 5 display 
includes an additional retarder located on the side of the 
liquid crystal layer opposite the tilted retarders, accord- 
ing .to an embodiment of this invention. 

Figure 6 illustrates the angular relationship 
30 between the respective axes of the optical components 
of the Figure 5 display, as viewed from the point of view 
of the viewer. 

Figure 7 is a side cross-sectional view of an NW 
twisted nematic LCD according to any of the Figure 1-4 
35 embodiments. 

Figure 8 is a side cross-sectional view of an NW 
twisted nematic LCD according to the Figure 5-6 
embodiment. 

Figure 9 is a schematic view of the optical compo- 
se? nents of an NW TN LCD according to another embodi- 
ment of this invention wherein the two tilted retarders 
positioned rearwardly of the LC layer are adjacent one 
another with no other retarders therebetween. 

Figure 10 is a schematic view of an NW TN LCD 
45 according to still another embodiment of this invention. 

Figure 11 is a schematic view of a NW TN LCD 
according to another embodiment of this invention 
wherein the two non-tilted negative retarders located 
rearward of the LC layer are surrounded by a corre- 
so sponding pair of negative tilted retarders. 

Figure 12 is a light contrast ratio contour graph of 
the NW TN light valve (LV) of Example 1 herein. 

Figure 13 is an intensity versus vertical viewing 
angle along the 0° horizontal viewing axis, for a plurality 
55 of driving voltages, for the light valve of Example 1 
herein, this graph illustrating, from about -20° to +60° 
vertical virtually no gray scale inversion, good separa- 
tion, each of which while . maintaining high contrast 
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shown in Figure 12 in the viewing zone at issue. 

Figure 14 is an intensity (fL) versus horizontal view- 
ing angle graph along the 15° vertical viewing axis for a 
plurality of different driving voltages, for the light valve of 
Example 1 herein, this graph illustrating from -60° to 5 
+60° horizontal virtually no gray scale inversion and 
good separation, while maintaining high contrast as 
shown in Figure 12. 

Figure 15 is a simulated green light (550 nm) con- 
trast ratio contour graph of the simulated NW TN LV of w 
Example 2 herein with an off state driving voltage of 1.8 
volts and an on-state driving voltage of 5.4 volts. 

Figure 16 is a transmission versus vertical viewing 
angle gray scale linearity graph along the 0° horizontal 
viewing axis, for a plurality of driving voltages, of the is 
simulated LV of Example 2 herein. The transmission 
axis (vertical axis) represents light incident divided by 
light transmitted. 

Figure 1 7 is a transmission versus horizontal view- 
ing angle gray scale linearity plot along the 0° vertical 20 
viewing axis, for a plurality of different voltages, of the 
simulated NW TN LV of Example 2 herein. 

Figure 18 is a transmission versus driving voltage 
(volts) plot for the simulated LV of Example 2 herein, for 
a plurality of different horizontal viewing angles located 25 
along the 0° vertical viewing axis. 

Figure 19 is a white light contrast ratio graph of the 
Example 3 NW thin film transistor (TFT) RGBW 
AM LCD, with an off-state driving voltage of 1.73 volts 
(i.e. white voltage) and an on-state driving voltage of 30 
5.77 volts (darkened voltage). 

Figure 20 is a white light contrast ratio graph of the 
NW TN LV of Example 4 herein, with an off-state driving 
voltage of 1.8 volts and an on-state driving voltage of 
5.5 volts, this LV including in addition to the negative 35 
tilted and non-tilted retarders on the rear side of the LC, 
a slightly biaxial retarder located on the front side of the 
liquid crystal layer. 

Figure 21 is a white light contrast ratio graph of the 
Example 5 NW TN light valve having a cell gap "d" of 40 
5.20 nm, an on-state driving voltage of 5.5 volts, and an 
off-state driving voltage of 1 .7 volts. 

Figure 22 is a white light contrast ratio graph of the 
Example 6 NW TN LV having a cell gap "d" of 5.2 \im, an 
on-state driving voltage of 5.5 volts, and an off-state 45 
driving voltage of 0 volts. 

Figure 23 is a white light contrast ratio graph of the 
Example 7 NW TN LV having a 5.20 \itr\ cell gap. an on- 
state driving voltage of 5.5 volts, an off-state driving volt- 
age of 0 volts, and a 100 nm negative uniaxial retarder so 
(C-plate) disposed on the front side of the LC layer. 

Figure 24 is a green light (550 nm) simulated con- 
trast ratio graph of the Example 8 simulation of an LV 



DETAILED DESCRIPTION OF CERTAIN EMBODI- 
MENTS OF THIS INVENTION 

Referring now more particularly to the accompany- 
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ing drawings in which like reference numerals indicate 
like parts throughout the several views. 

Figure 1 is an exploded schematic view of the opti- 
cal components, and their respective orientations, of a 
twisted nematic NW LCD according to a first embodi- 
ment of this invention, this LCD being either a light valve 
(LV) or an AMLCD having a majqx,array o£_pixjls_and 
colored (e.g. RGB, RGBG, RGGB or RGBW) subpixels 
therein according to different embodiments of this 
invention. As shown, this display includes from the rear 
forward toward viewer 1 , conventional backlight 3, rear 
or light-entrance linear polarizer 5 , first rear tilted nega- 
tive uniaxial retarder 2, first rear negative retarder 4 
(which may be either uniaxial or biaxial including indices 
of refraction n x , n y and n 2 ), second rear tilted negative 
uniaxial retarder 6, second rear negative retarder 7 
which may be either uniaxial or biaxial, rear buffing or 
orientation film 9, twisted nematic (TN) liquid crystal 
(LC) layer 10, front buffing or orientation film 11, and 
finally front or light^xjjJln ear polarizejL J^CaQaJvzer4n 
The LCD or LV is viewed by viewer 1 . 

Glass substrates (discussed below) are located on 
opposite sides of liquid crystal layer 10 so as to be dis- 
posed, for example, between the respective orientation 
films and their adjacent polarizers. Driving electrodes 
are disposed on and between the substantially trans- 
parent substrates and their adjacent orientation layers. 

A key to our invention, is the surprise finding that 
when the negative tilted retarders 2 and 6 and negative 
retarders 4 and 7 referenced above are placed on one 
side of the LC (e.g. the- rear side) and are within a par- 
ticular retardation value(s) range and/or ratio, and/or are 
arranged in predetermined positions in the LCD, 
improved viewing characteristics of the display result. 
For example, the viewing angle of the LCD with respect 
to contrast ratio is wider/larger, while inversion is less- 
ened, both in a particular viewing zone in some embod- 
iments such as the positive vertical zone whicrMs so 
important to aircraft pilots. 

Retarders 2, 4, 6, and 7 are said to be "negative" as 
refractive index n z (or n e ) in each of them is less than 
both indices n x and n y (i.e. negative birefringence). Indi- 
ces of refraction n x and n^ while being co-planar, are 
oriented at a 90° angle relative to one another in the 
plane(s) of the respective film(s). Index of refraction n z 
is perpendicular to the plane defined by the n x and n y 
directions (i.e. the n 2 direction is normal to the film 
plane(s) for uniaxial retarders and is tilted for tilted 
retarders herein). 

Negative non-tilted retarders 4 and 7 each have a 
retardation value d • (n x -n z ) of from about +10 to 
+150 nm (preferably from about +10 to +80 nm), and a 
retardation value d ■ (n x - n y ) of from about -20 to 
+20 nm, in certain embodiments [where "d" is the thick- 
ness of the retarder or compensator]. Thus, when 
d • (n x - n y ) = 0 nm , these retarders 4 and 7 are neg- 
ative uniaxial retarders and when this value is greater or 
less than zero they are biaxial negative retarders (they 
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are "negative" because n 2 is less than each of n x and 
n y ). Retarders 4 and 7 may be made, for example, of 
triacetyl cellulose (TAC) having a thickness of about 120 
jim or of any of the other materials disclosed in U.S. Pat- 
ent No. 5,583,679, incorporated herein by reference. 
Each of these retarders may also include a thin gelatin 
layer thereon (0.1 |xm) and a polyvinyl alcohol coating 
solution which is rubbed as discussed in the '679 pat- 
ent. 

Negative tilted anisotropic retarders or compensa- 
tors 2 and 6 (e.g. made of a compound having a discotic 
structure unit in its molecule such as a discotic liquid 
crystalline compound having low molecular weight such 
as monomer and a polymer obtained by polymerization 
of a polymeric discotic LC compound) have tilted optical 
axes T 1 and T 2 , respectively. Each retarder 2 and 6 is 
from about 1.5 to 3.0 p,m thick according to this inven- 
tion. Because each of axes T 1 and T 2 are angled rela- 
tive to both the vertical and horizontal, each defines 
both a polar angle (i.e. tilted or inclined angle) which is 
the angle defined between (i) the direction normal to the 
disc-like molecules of the retarder, and (ii) the direction 
normal to the display (i.e. the normal or Z direction); and 
- an azimuth angle which is the direction of projection T-) , 
T 2 of the optical axis of a retarder in the x, y, plane, as 
viewed from the point of view of viewer 1 , as shown, for 
example, in Figures 2, 4, and 6. According to certain 
embodiments, the polar angle (i.e. tilt angle or inclined 
angle of the optical axis) of each of retarders 2 and 6 
varies (either continuously or intermittently in either 
direction) throughout the thickness of the film while the 
azimuthal angle remains substantially constant. For 
example, the polar angle of one or both of retarders 2 
and 6 may vary continuously from about 5° to 65° with 
increase of distance in the direction of the depth of the 
layer. In certain embodiments, the inclined or polar 
angle varies within the range of from 5° to 85° (prefera- 
bly from about 10° to 80°) while the minimum polar 
angle in the film is in the range of from about 0° to 85° 
(preferably from about 5° to 40°) and the maximum 
polar angle is from about 5° to 90° (preferably from 
about 30° to 85°). See U.S. Patent No. 5,583,679 (the 
disclosure of which is incorporated herein by reference) 
for exemplary embodiments of films 2 and 6. Preferably, 
each tilted retarder is oriented on the rear side of LC 
layer 10 so that the minimum tilt angle is closest to the 
LC layer 10 and the maximum tilt angle is closest to the 
backlight. 

In certain preferred embodiments of this invention, 
it has been found that improved results are obtained by 
orienting the tilted retarders so that the light from back- 
light 3 hits the high tilt angle side of the retarder(s) first, 
travels through the retarder(s) and exits them via their 
low tilt side. 

Tilted negative retarders 2 and 6 each include 
refractive indices n x , n^ and n z , as well as extraordinary 
refractive index n e for the optical axis of symmetry of the 
discotic molecule structure, and ordinary refractive 



index n 0 which is perpendicular to n e as known in the 
art. Index direction n 2 varies in direction throughout the 
thickness of tilted retarders herein due to the tilt varia- 
tion therein, and n z is perpendicular to the plane defined 

5 by n x and n y This n x and n y plane varies with the tilt of 
the discotic molecules in the tilted retarders 2 and 6. 
According to certain embodiments of this invention, 
each of retarders 2 and 6 has an n e of from about 1.40 
to 1 .65. preferably from about 1 .45 to 1 .60, and an n G of 

10 from about 1.45 to 1.70. preferably from about 1.5 to 
1 .6. Also, each of retarders 2 and 6 has a thickness of 
from about 1 .5 to 3.0 p.m, and a An (i.e. n e - n 0 ) value of 
from about -0.30 to +0.20, preferably from about -0.20 
to +0.10, and most preferably from about -0.10 to 0.0. 

is Furthermore, retarders 2 and 4 may be laminated 
or otherwise formed together as one unit as discussed 
in the '679 patent, as may retarders 6 and 7. An orienta- 
tion and a subbing layer may be provided between lay- 
ers 2 and 4 land between layers 6 and 7). 

20 Retarders 2, 4, 6, and 7 may be obtained from Fuji 
Photo Film Co., Ltd., Japan, or alternatively from Nitto 
Denko America, as WV-film. 

Backlight 3 is conventional in nature and emits sub- 
stantially collimated, or alternatively diffused (in Exam- 

25 pies herein), light toward the display panel. Backlight 3 
may be. for example, the backlighting assembly dis- 
closed in U.S. Patent No. 5,161,041, the disclosure of 
which is hereby incorporated herein by reference. Other 
conventional high intensity substantially collimated or 

30 diffuse backlight assemblies may also be used. 

Rear and front polarizers, 5 and 15 respectively, 
may be iodine based absorption and linear in nature 
according to certain embodiments of this invention, and 
their respective linear transmission axes P R and P F are 

35 oriented perpendicular to one another (i.e. about 90° 
from one another ± about 10° (i.e. substantially perpen- 
dicular) in either direction) so that LCDs and LVs of the 
different embodiments of this invention are of the nor- 
mally white (NW) twisted nematic (TN) type. Therefore, 

40 when a driving voltage (e.g. 0.0 or 0.1 V) below the 
threshold voltage V th is applied by the opposing elec- 
trodes across liquid crystal (LC) layer 10, transmission 
axes P R and P F of polarizers 5 and 15, respectively, are 
oriented such that the light emitted from backlight 3 pro- 

45 ceeds through and is linearly polarized in direction P R 
by rear polarizer 5, is then twisted (e.g. from about 80° 
to 100°, preferably about 90°) by twisted nematic LC 
layer 10, and finally exits front polarizer or analyzer 15 
via transmission axis P F thus reaching viewer 1 with an 

so image. The light reaches viewer . 1 because its polariza- 
tion direction upon reaching front polarizer 15 is similar 
to the direction defined by transmission axis P F Thus, a 
NW display or pixel to which a voltage less than V th is 
applied is said to be in the "off-state" and appears white 

55 (or colored if color filters are present) to the viewer. 
These conventional polarizers 5 and 15 are commer- 
cially available from, for example, Nitto Denko America, 
as #G1220DUN. 
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However, when a substantial driving voltage (i.e. 
gray level voltage or full voltage greater than the thresh- 
old voltage V th ) is applied across the LC of selected NW 
pixels of the LCD matrix array, the light transmitted 
through rear polarizer 5 is not twisted as much by LC 
layer 10 and thus is at least partially blocked by front 
polarizer 1 5 due to the fact that the polarization direction 
of light reaching the interior surface of front polarizer 15 
is substantially perpendicular (or otherwise non- 
aligned) to transmission axis P F thereby resulting in 
substantially no, or a lessor amount of, light reaching 
viewer 1 by way of the selected pixel(s) to which the 
substantial driving voltage (e.g. from about 3.0-6.5 
volts) is applied. Thus, driven pixels in the LCD appear 
darkened to viewer 1, these pixels said to be in the "on- 
state." 

In certain embodiments of this invention, transmis- 
sion axis P R and transmission axis P F are oriented in a 
manner substantially perpendicular to one another as 
discussed above. However, polarizers 5 and 15 may 
alternatively be oriented in other manners which also 
render the display of the NW type. 

Important aspects of this invention which. result in 
the, improved viewing characteristics (better contrast 
and less inversion) disclosed herein include (i) the sub- 
stantially parallel orientation (i.e. within ±10° from paral- 
lel in either direction) of the azimuthal angle of axis T 2 of 
tilted retarder 6 relative to the transmission axis P R of 
the rear polarizer (see, for example, Figures 2, 4, and 
6) ; (ii) each of the rear and front polarizers 5 and 1 5 hav- 
ing its transmission axis aligned parallel ±10° (i.e. sub- 
stantially parallel) to the buff or alignment direction (B R( 
B F ) on the same side of the LC layer; (iii) each of the 
tilted retarders 2 and 6 being oriented so that the side 
having the largest or maximum tilt.angle is closest to the 
backlight 3 and is first hit by light emitted therefrom, and 
the minimum tilt side is furthest from the backlight; (iv) 
the substantial perpendicular orientation of axes T/and 
T 2 (with respect to azimuthal angle); (v) the substantial 
parallel (± about 10° from parallel in either direction) ori- 
entation of the azimuthal angle of T, and front buffing 
direction B F [e.g. see Figures 2, 4, and 6] when retard- 
ers 2 and 6 are on the rear side of the LC layer; and (vi) 
the azimuthal aspect of the optical axis (T 2 ) of the tilted 
retarder closest to the LC layer substantially anti-paral- as 
lei (±10° from anti-parallel) relative to its most closely 
adjacent buffing or orientation direction ["anti-parallel" 
means 180° from parallel]. For example, in Figure 1, the 
azimuthal aspect of T 2 is anti-parallel to B R . It is also 
noted that the instant inventors have found improved so 
viewing characteristics when P F is rotated (azimuthal 
angle) in the counterclockwise direction, as viewed from 
viewer 1, relative to the other elements within this 10° 
range. Alternatively, T 1t T 2 , and P R may be rotated 
clockwise relative to the other elements within this 55 
range for the best results. 

Rear and front orientation or buffing films 9 and 1 1 , 
respectively, are each from about 250 - 500 A thick, and 
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may be made of a substantially transparent polyimide 
material as is known in the art. Rear LC orientation film 
9 is conventionally buffed or oriented in direction B R as 
shown in Figures 1-11. Likewise, front LC orientation 
5 film 1 1 is conventionally buffed in direction B F Buffing 
directions B R and B F are oriented substantially perpen- 
dicular to one another so as to allow the molecules of 
liquid crystal layer 10, when in the off or non^Jriven 
state, to be twisted from about 80° to 100°, preferably 
10 about 90°. Also, it is pointed out that the instant inven- 
tion may be used in conjunction with multi-domain [e.g. 
two-domain] alignment applications. 

Liquid crystal layer 10 has a thickness "d" of from 
about 3.5 to 6.5 urn according to certain embodiments, 
15 preferably from about 4.0 to 5.0 jim. LC layer 10 has a 
birefringent value An of from about 0.08 to 0.10 accord- 
ing to certain embodiments, preferably from about 
0.084 to 0.086 at room temperature. 

Negatively birefringent tilted retardation plates or 
20 films, 2 and 6, with tilted and azimuthal angled optical 
axes and T 2 respectively (i.e. axes), in the Figure 1- 
2 embodiment are both disposed on the rear side of LC 
layer 1 0 in order to reduce ambient reflections off of the 
front of the display panel. Accordingly, retarders 4 and 7 
25 are also on the rear side of LC 10. 

Negative retarders 4 and 7 are defined by either the 
characteristic n x > n y > n 2 , or' alternatively 
n x =n y >n 2 , where n x , n y and n 2 are respective indi- 
ces of refraction, and the "z" direction is substantially 
30 perpendicular to the film plane while the "x" and "y" 
directions are substantially parallel to the film plane and 
perpendicular to each other. According to certain 
embodiments of this invention, the n x index direction of 
retarder 4 differs from the n x index direction of retarder 
3s 7 by from about 80° - 100°, preferably about 90°, while 
their respective planes are parallel [e.g. see Figures 1- 
1 1]. Negative retarders 4 and 7 are either of the C-plate 
type (n x = n y > n 2 ) or of the biaxial type (n x > n y > n 2 ), 
and may be obtained from Nitto Denko America or Nitto 
40 Corporation (Japan), or alternatively from Fuji Photo 
Film Co., Ltd., Industrials and Products Division. Japan. 

According to certain embodiments, the retarders 
and polarizers herein, may ail be separate sheets, 
although they alternatively may be all integrally formed 
or laminated together (or even deposited onto one 
another) with a known laminating material or deposition 
process according to certain embodiments. Thus, films 
2, 4, and 5, for example, may be laminated or otherwise 
formed together to form a single sheet having negative 
tilted retarder 2, negative retarder 4, and polarizer 5. 
Likewise, films 6 and 7 may be formed together as one 
unit, although this, of course, does not affect the exist- 
ence of two different retard ers/fi I ms 6 and 7. 

Figure 2 illustrates the relationship between the 
Figure 1 axes, from the point of view of viewer 1. As 
shown in Figure 2, transmission axis P F of front polar- 
izer 15 is substantially perpendicular to axis P R of rear 
polarizer 5. In this particular embodiment, the front 
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polarizer axis P F is aligned at the 46° (and 226°) angle 
while the rear polarizer axis P R is at the 135° (and 315°) 
angle. It should be understood that these angles are 
exemplary only, and that the front and rear polarizer 
axes may be aligned at different angles according to 
other embodiments in this invention, provided that the 
display is of the normally white type. Still referring to 
Figure 2, front buffing direction Bp is perpendicular to 
rear buffing direction B R . In this particular embodiment, 
front buffing direction Bp is aligned at 45° while the rear 
buffing direction B R is at 315°. 

With regard to tilted retarders 2 and 6, the azi- 
muthal angle of retarder 2 (defining axis T-j) is substan- 
tially perpendicular to the azimuthal angle of retarder 6 
(defining axis f 2 ). In this particular embodiment, T t is 
aligned at 45° while T 2 is aligned at 135°. It is also 
important that T 1 is substantially parallel to B F Accord- 
ing to the Figure 1-2 embodiment, Pp, Bp; and T 1 are 
substantially parallel to one another, while P R , B R , and 
T 2 are also parallel to one another, ± approximately 10° 
(i.e. substantially parallel). 

Figure 3 is an exploded schematic view of the opti- 
cal components of an NW twisted nematic LCD (or LV) 
according to another embodiment of this invention. The 
display of Figures 3-4 is similar to that of Figures 1-2, 
except that in the Figure 3-4 embodiment, the buffing 
directions and azimuthal angles of the tilted retarders 2 
and 6, and possibly the angles of negative retarders 4 
and 7, are oriented in different directions. 

As illustrated in Figures 3-4, axes P F and P R of the 
front and rear polarizers, respectively, are substantially 
perpendicular to one another as in the Figure 1-2 
embodiment. However, in the Figure 3-4 embodiment, 
buffing direction Bp of front buffing film 1 1 is in the third 
quadrant and is substantially parallel to front polarizer 
axis P F and axis T 1 (azimuthal angle) of retarder 2. 
Meanwhile, the rear buffing direction B R of film 9 is in 
the second quadrant and is substantially parallel to rear 
polarizer axis P R . With regard to tilted retarder 6, the 
azimuthal angle of its tilted axis is in the fourth quadrant 
and is substantially parallel to the axis P R of rear polar-, 
izer 5. According to the specific embodiment shown in 
Figure 4, P F is oriented at 45°, P R at 134°, B R at 135°, 
Bp at 225°, T 1 at 224°, and T 2 at 314°. It should be 
noted that, in this embodiment and in all others herein, 
the polarizer axes extend through the origin and are 
present in two separate opposing quadrants, while the 
buffing directions and inclined angle azimuthal direc- 
tions extend from the origin into only a single quadrant. 
It is important to note that although the buffing direc- 
tions have changed in the Figure 3-4 embodiments. P R 
and T 2 are still substantially parallel, as are T 1 and B R 
while and T 2 remain substantially perpendicular to 
one another. 

Figure 5 is an exploded schematic view of the opti- 
cal components of a NW twisted nematic LCD (or LV) 
according to another embodiment of this invention, 
wherein an additional retarder 16 is located on the front 



side of liquid crystal layer 10. Retarder 16 may either be 
a positive uniaxial retarder (A-plate) having a retarda- 
tion value of from about 50-200 nm, a negative uniaxial 
retarder (C-plate) having a retardation value of from 

5 about 50-200 nm, or a slightly biaxial negative retarder 
wherein n x > n y > n 2 . According to certain embodi- 
ments, retarder 16 is a negative biaxial retarder having 
a retardation value d • (n x - ri z ) of from about 0 to 100 
nm (preferably about 10-50 nm, and most preferably 

10 about 30 nm), with the slight biaxial nature of retarder 
16 including an axis n x directed in angular direction R as 
shown in Figure 6 which is substantially parallel ± about 
10° to axis P F In other respects, the Figure 5-6 embod- 
iment is similar to that of Figures 3-4. 

75 Turning to Figure 6, which illustrates the angular 
relationship of the Figure 5 embodiment, exemplary 
angles will now be described. Angle 21 defining the 
position of axis P F may be at from about 35° to 55°, and 
preferably approximately 45°; the angle 20 may be from 

20 about 0°-10°, in either direction relative to Pp and pref- 
erably from about 0°-5° in either direction; angle 22 may 
be from about 35°-55°, preferably 45°; angle 23 may be 
from about 0°-10° in either direction relative to P R , pref- 
erably from about 0°-5° in either direction; angle 24 may 

25 be from about 35°-55°, preferably approximately 45°; 
angle 25 may be from about 35°-55°, preferably approx- 
imately 45°; angle 26 may be from about 0°-10° in either 
direction relative to T 1f and preferably from about 0°-5° 
in either direction; angle 27 may be from about 35°-55°, 

30 and preferably approximately 45°; and angle 28 may be 
from about 35°-55°, and preferably approximately 45°. 

Figure 7 is a side cross-sectional view of an NW 
twisted nematic LCD or LV of any of Figures 1-4, 
according to certain embodiments of this invention. 

35 From the backlight forward, the display includes rear 
polarizer 5, adhesive layer 31, first negative tilted 
retarder 2, first negative retarder 4 (either uniaxial or 
biaxial), adhesive layer 32, second negative tilted 
retarder 6, second negative retarder 7 (either uniaxial or 

40 biaxial), substantially transparent glass or plastic sub- 
strate 33, conductive electrode(s) 34, rear buffing or ori- 
entation film 9, twisted nematic liquid crystal (LC) layer 
10, front orientation or buffing film 11, front conductive 
electrode(s) 35 which functions in conjunction with rear 

45 electrode(s) 34 in order to apply voltage across LC layer 
10 and/or individual pixels or subpixels defined therein, 
front substantially transparent glass or plastic substrate 
36, and finally front polarizer 15. According to this par- 
ticular embodiment, adhesive layers 31 and 32 abut the 

so tilted retarder layers 2 and 6, respectively, and the polar 
or inclined angles of retarders 2 and 6 decrease (contin- 
uously or intermittently) as a function of the depth or 
thickness of the retarders as a function of distance from 
their adjacent adhesive layers 31 and 32, respectively. 

55 Thus, the incline or polar angle of the optical axis of 
retarder 2 may continuously vary, for example, from a 
maximum of 65° in the area of film 2 adjacent adhesive 
31, to 5° adjacent retarder layer 4. Thus, in this particu- 
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lar example, the plane of the discotic structure in nega- 
tive tilted retarder 2 has a planar incline angle that is 
continuously reduced from a tilt of 65° to one of 5° from 
the rear edge of layer 2 (i.e. the edge closest to adhe- 
sive layer 31 ) to the front edge of layer 2 (i.e. the edge 5 
closest to layer 4). Layer 6 has its polar or incline angle 
vary (continuously or intermittently) in a similar manner, 
so that the incline from the normal decreases as a func- 
tion of distance from adhesive layer 32. 

Exemplary variations of polar angles for each of io 
retarders 2 and 6 are: (i) from 65° to 5° going away from 
the adhesive layer that is disposed adjacent the tilted 
retarder toward LC layer 10; (ii) from 50° to 20° going 
away from the adhesive layer that is disposed adjacent 
the tilted retarder; (iii) from 70° to 20° going away from is 
the adhesive layer adjacent the tilted retarder; and (iv) 
from 40° to 20° going away from the adhesive layer 
adjacent the tilted retarder. In certain preferred embodi- 
ments, the azimuthal angles of axes T 1 and T 2 remain 
substantially constant while the incline angles vary 20 
either continuously or intermittently as discussed 
above. 

While Figure 7 shows each tilted retarder (e.g. 2) 
being disposed between LC layer 10 and its adjacent 
adhesive layer (e.g. 31), this need not be the case. For 25 
example, layers 2, 4, and 31 may be flipped over so that 
the adhesive 31 is between the retarder 2 and the LC 10 
so that the tilt angle of layer 2 increases from, e.g. 5° to 
65°, throughout layer 2 going toward LC layer 10 away 
from adhesive 31. 30 

Figure 8 is a side cross-sectional view of the TN 
NW LCD or LV of Figures 5-6. This particular display is 
similar in structure to that of Figure 7 discussed above, 
except that additional retarder layer 16 (discussed 
above) is located on the front side of LC layer 10 in 35 
between front optically transparent substrate 36 and 
front polarizer 15. 

According to certain embodiments of this invention, 
the retardation valuee d ■ (n e - n D ) of each of the two 
tilted negative retarders 2 and 6 is from about -20 to - 40 
200 nm, preferably about -50 nm to -150 nm, and most 
preferably from about -100 nm to -1 50 hm, and where n e 
< n 0 . Thus, tilted retarders 2 and 6 each have retarda- 
tion values d • (n z - n x ) and d • (n z -n y ) of from 
about -20 to -200 nm, and preferably from about -50 to - 
150 nm. In combination with these average tilted 
retarder values, it has been found that excellent results 
are achieved when the d • (n x - n z ) birefringent value 
(retardation value) of each of negative retardation films 
4 and 7 is from about 10 to 150 nm, more preferably 
from about 1 0 to 80 nm. 

According to certain other embodiments, it has 
been found that improved viewing characteristics result 
when the retardation values of the tilted 2, 6 and nega- 
tive 4, 7 retarders are maintained within a particular 
ratio range. The absolute value ratio of the average 
retardation values d • (n Q - n c ) of each or one of neg- 
ative tilted retarders 2 and 6 to the retardation value 



d • (n x - n z ) of each or one of retarders 4 and 7 is 
from about 1 :1 to 3:1 (more preferably from about 1.0:1 
to 2.0:1) according to certain embodiments. The retar- 
dation values of each of the like (e.g. tilted) retarders 
need not be identical, but the ratio range is typically met 
by both sets of retardation values. 

Figure 9 is an exploded schematic view of an NW 
TN LCD or LV according to another embodiment of this 
invention, including optional retarder(s) 16. In this 
embodiment, the pair of negative tilted retarders 2 and 6 
located rearwardly of LC layer 10 are sandwiched 
between negative retarders 4 and 7. Thus, on the rear 
side of the liquid crystal cell going from the backlight for- 
ward, this embodiment includes rear polarizer 5, first 
negative retarder 4, first tilted retarder 2. second tilted 
retarder 6, and second negative retarder 7. The orienta- 
tion of the optical axes of the different components of 
the Figure 9 embodiment are illustrated, for example, in 
either of Figures 4 and 6 discussed above. 

Figure 10 is an exploded schematic view of an NW 
TN LCD or LV according to another embodiment of this 
invention, including optional retarder(s) 16. The Figure 
1 0 embodiment differs from those illustrated and dis- 
cussed above in that tilted retarder 6 is the retarder 
jmost closely located relative to rear orientation layer 9 
and retarder 4 is positioned closest to rear polarizer 5. 
Thus, in this embodiment, on the rear side of the liquid 
crystal cell, we have from the rear forward to the viewer 
1 , rear linear polarizer 5, negative retarder 4, first tilted 
retarder 2, negative retarder 7, and second tilted 
retarder 6. The orientation of the optical axes of the var- 
ious components of this embodiment are shown, for 
example, in either of Figures 4 and 6 as discussed 
above. 

Figure 11 is an exploded schematic view of an NW 
TN LCD or LV according to still another embodiment of 
this invention, including optional retarder(s) 16. In this 
embodiment, the two negative retarders 4 and 7 are 
both disposed between negative tilted retarders 2 and 6 
on one side (e.g. rear) of the liquid crystal cell. Thus, we 
have from the rear forward, polarizer 5, tilted retarder 2, 
negative retarder 4, negative retarder 7, and tilted 
retarder 6 prior to reaching rear buffing or orientation 
layer 9. The optical orientation of the components of this 
45 embodiment may be illustrated, for example, in either of 
Figures 4 and 6 as discussed above. Optionally, the 
optical axes of this embodiment may be aligned as 
shown in Figure 2 above. In this and other embodiments 
herein, one of retarders 4 and 7 may be removed. 
so Each of the embodiments illustrated and discussed 
above includes retarders 2, 4, 6, and 7, all located on 
the rear side of liquid crystal layer 10. This is to avoid 
undesirable ambient light reflections off of the front of 
the display during certain applications. However, it 
55 should be understood by those of skill in the art that 
retarders 2, 4, 6, and 7 may optionally be located on the 
front side of the liquid crystal layer 10, in which case, 
each of the retarders would be rotated symmetrically. 
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For example, if the retarders 2, 4, 6, and 7 of Figure 3 
were all to be positioned on the front side of liquid crys- 
tal layer 10, then they would be rotated symmetrically so 
that axis T-, of retarder 2 (located closest to the front 
polarizer) would be substantially parallel to the buffing 5 
direction B R of rear orientation film 9, and so on. 

This invention will now be described with respect to 
certain examples as follows each conducted at approxi- 
mately 25° C unless otherwise specified. In each of the 
examples set forth below, unless otherwise indicated, 10 
the liquid crystal layer had a An (or birefringent value) of 
0.0854, the thickness "d n of LC layer 10 in each LV or 
LCD was substantially constant across the entire view- 
ing area, the front and rear linear polarizers 5 and 15 
were linear and each included both an iodined PVA 15 
layer and a TAC layer on each side of the PVA as known 
in the art, and the retarders 2, 4, 6, and 7 were all 
present and located on the rear side of liquid crystal 
layer 10 so as to be disposed between the liquid crystal 
cell and backlight 3. All polarizers were NPF- 20 
G1220DUN In each of the Examples (exclusive of simu- 
lations) retarders 2 and 4 along with adhesive 31 were a 
single unit, with layer 4 including an orienting triacetyl 
(triacetate) cellulose (TAC) layer and an orienting layer, 
and layer 2 including a discotic liquid crystalline com- 25 
pound formed on the TAC layer, with the tilt or polar 
angle varying continuously downward (i.e. decreasing) 
going away from adhesive 31. Layers 6, 7, and 32 were 
similarly formed as one unit and had the same charac- 
teristics. The tilted retarders were always located 30 
between the corresponding non-tilted TAC retarder and 
the corresponding adhesive. 

EXAMPLE 1 

35 

In this first Example, a normally white (NW) light 
valve (LV) was constructed as shown in Figures 1,2,7, 
and 12-14. This light valve had, from the rear forward, 
rear polarizer 5 having a PVA layer and a pair of TAC 
layers [NPF-G1220DUN] first tilted retarder 2, first non- 40 
tilted negative retarder 4, second tilted retarder 6, sec- 
ond non-tilted retarder 7, rear orientation film 9, LC layer 
10, front orientation film 1 1 , and finally front polarizer 15 
[NPF-G1 220DUN]. the thickness "d" of LC layer 10 was 
5.2 firri and the An value of LC layer 1 0 was 0.0854. The 45 
incline or tilt angle of each of retarders 2 and 7 varied 
throughout the thickness of the layers from 60°-70° on 
the side closest to backlight 3 down to approximately 5° 
on the side closest to liquid crystal layer 10. In other 
words, the tilt or incline angle of retarder 2 was from so 
about 60°-70° on the side of this layer adjacent polarizer 
5 and it continuously varied down to approximately 5° 
on the side of the layer proximate retarder 4. Each of 
non-tilted retarders 4 and 7 was about 1.1 urn thick and 
was defined approximately by n x = n y >n z (C-plate). 55 
Meanwhile, each of retarders 2 and 6 were about 2.1 
\im thick. The respective axes of the different optical 
components of this LV were oriented as follows: t3 F at 



45°, T 1 at 45°, P F at 46° (and 226°), P R at 135° (and 
315°), T 2 at 135°, and B R at 315°. Single units making 
up (i) layers 2, 4, and 31; and (ii) layers 6, 7, and 32 
were obtained from Fuji as its WV film. 

Figure 12 is a white light contrast ratio graph of the 
LV of this first Example, when 5.0 volts were applied in 
the on-state and 1.8 volts in the off-state. As illustrated, 
this LV exhibited very fine contrast throughout the entire 
viewing zone, especially in the positive vertical viewing 
areas. This LV exhibited contrast of at least about 30:1 
over a horizontal angular span of at least about 120°, 
including at vertical viewing angles of 0°-10°. 

Figure 13 is an intensity (fL) versus vertical viewing 
angle plot, at a plurality of different gray level driving 
voltages, for the LV of this first Example along the 0° 
horizontal viewing axis. As shown, there is virtually no 
gray scale inversion from -20° vertical all the way up to 
+60° vertical, and there is provided excellent separation 
of the gray scale voltages in this particular viewing zone. 

Figure 14 is an intensity (fL) versus horizontal view- 
ing angle plot, at a plurality of different gray level driving 
voltages, for the LV of this first Example along the 15° 
vertical viewing axis. As illustrated, from the horizontal 
viewing angle of -60° to +60°, there was excellent sepa- 
ration, no crossovers (i.e. excellent gray scale inversion 
characteristics). 

EXAMPLE 2 

In this second Example, an NW TN LV was simu- 
lated based upon algorithms which may be found in SID 
1991, pages 586-589, entitled "Application Of The 
Extended Jones Matrix Method To LCDs At The Oblique 
Incidence", by A. Lien. This simulated NW TN LV is fairly 
represented by Figures 1, 2, and 15-18 herein. From the 
rear forward, this LV included rear polarizer 5, negative 
tilted retarder 2, negative uniaxial retarder 4, negative 
tilted retarder 6, negative uniaxial retarder 7, rear orien- 
tation film 9, liquid crystal layer 10, front orientation film 
11, and front polarizer 15. The thickness of LC layer 10 
was 5.2 urn, and the An of the LC layer was 0.0854. For 
each of tilted retarders 2 and 6, they were defined by An 
( n e - n o) = -0.05, and were each 2.50 jim thick. Each of 
negative uniaxial retarders 4 and 7 had ad • (n x - n z ) 
value of 60 nm. Regarding each of tilted retarders 2 and 
6, the tilt continuously varied from 76° on the side clos- 
est to backlight 3 down to 4° on the side closest to LC 
layer 10. The optical axes of the various components of 
this Example are as follows: P R at 135°, P F at 227°, B R 
at 315°, B F at 45°, T-, at 44°, and T 2 at 134°. 

Figure 15 is a green light contrast ratio of the LV of 
this Example when 5.4 volts were applied in the on- 
state and 1.8 volts in the off-state. As illustrated, excel- 
lent contrast resulted with the LV exhibiting contrast of at 
least 100:1 over a horizontal viewing range or extent of 
1 10°, all the way from -60° to +50° between 10° and 20° 
vertical. Furthermore, the LV of this Example exhibited 
contrast of at least 90:1 over a horizontal span of at 
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least 120°, and a contrast of at least 30:1 over a vertical 
span of at least about 105°. 

Figure 16 is a transmission versus vertical viewing 
angle plot, along the 0° horizontal viewing axis, for a plu- 
rality of different voltages, for this LV. As can be seen, 
there was virtually no gray scale inversion from -5° ver- 
tical all the way up to +60° vertical. Furthermore, good 
gray scale separation was exhibited in this range. Thus, 
the display exhibited both excellent gray scale behavior 
and superior contrast (Figure 15) in the same viewing 
zone (e.g. the upper vertical). This is an improvement 
over the prior art. 

Figure 17 is a transmission versus viewing angle 
plot of the LV of this Example, for a plurality of different 
driving voltages, at a plurality of different horizontal 
angles at the 0° vertical viewing axis. Again, excellent 
separation and inversion characteristics are illustrated. 

Figure 18 is a transmission versus voltage plot for a 
plurality of horizontal viewing angles along the 0° verti- 
cal viewing axis. As shown, this display exhibited excel- 
lent gray scale behavior with regard to both separation 
and inversion. 

EXAMPLE 3 

In this third Example, an NW TN RGBW AM LCD 
was manufactured and tested as shown substantially in 
Figures 1, 2, 7, and 19. The AM LCD of this third Exam- 
ple included an average cell gap "d'Vof about 4.9 jam. 
From the rear forward, this AM LCD included rear polar- 
izer 5 (PVA and TAC), tilted retarder 2. slightly biaxial 
negative retarder 4. tilted retarder 6, slightly biaxial neg- 
ative retarder 7, rear orientation film 9, LC layer 10, front 
orientation film 11, and finally front polarizer 15. The 
color filters, driving electrodes, glass substrates, and 
driving TFTs were also included as this was a full 
AM LCD. Retarders 2 and 4 along with adhesive 31 were 
obtained as a single unit from Fuji, as were retarders 6 
and 7 and adhesive 32, as its WV film. See U.S. Patent 
No. 5,583,679. The optical axes of the various compo- 
nents of this Example were oriented as follows: P F at 
46°; P R at 135°, Bp at 45°, B R at 315°, at 45°, and T 2 
at 135°. The retardation value (n x - n 2 ) • d for each of 
retarders 4 and 7 was approximately 40 nm, while the 
retardation value |n x - n y | • d was believed to be from 
about 3-6 nm. The tilt or incline angle for each of retard- 
ers 2 and 6 varied from in the range of 60°-70° nearest 
the backlight down to around 5° on the side closest to 
the liquid crystal layer. As in all embodiments herein, the 
azimuthal angle remain constant in each of retarders 2 
and 6 while the tilt angle varied throughout the thickness 
of the layers. 

Figure 19 is a white light contrast ratio graph of the 
AM LCD of this third Example when 5.77 volts were 
applied in the on-state and 1 .73 volts in the off-state. As 
can be seen, this AM LCD exhibited excellent contrast 
ratios throughout the . viewing zone. The maximum 
measured contrast ratio, at the "+". was 373.48, while 



the minimum was 2.89. 
EXAMPLE 4 

In this fourth Example, an NW TN LV was manufac- 
tured and tested as follows. This LV is generally illus- 
trated in Figures 5, 6, 8, and 20 herein. The LC layer 10 
of this LV had a thickness of 5.20 jim. This LV included 
from the rear forward, rear polarizer 5 t tilted retarder 2, 
w slightly biaxial negative retarder 4, tilted refarder 6, 
slightly biaxial negative retarder 7 f rear orientation film 
9, LC layer 10, front orientation film 11, slightly biaxial 
negative retarder 16 obtained from Kodak, and finally 
front polarizer 15. The retardation value of retarder 16 
75 (which was almost, but not quite, a negative uniaxial 
retarder) was -30 nm. Retarders 2, 4, 6, and 7 were 
obtained from Fuji and configured as discussed in 
Example 3 above. Retarder 16 had a retardation 
d • (n x - n 2 ) of about 30 nm. The various optical axes 
20 of this LV were oriented as follows: P R = 1 34°, P F = 45°, 
B R = 135°, B F = 225°, T 1 = 224°, T 2 = 314°, and a slight 
biaxial n x axis of retarder 16 at approximately 46°. 

Figure 20 is a white light contrast ratio graph of the 
LV of this fourth Example, when 5.5 driving volts were 
25 applied in the on- (or darkened) state and 1.5 volts in 
the off- (or whitened) state. The maximum contrast was 
341.53 while the minimum was 0.48. 

Figure 20 should be interpreted by adding 180° to 
each of the angles defined in this Example, because it 
30 was taken upside down. This is also the case for Fig- 
ures 21-23. 

EXAMPLE 5 

35 In this fifth Example, an NW TN LV was manufac- 

tured and tested as follows. This LV is best illustrated by 
Figures 1 1 and 21 herein. From the rear forward, this LV 
included rear polarizer 5, adhesive 31, retarder 2, 
retarder 4, retarder 7, retarder 6, adhesive 32, buffing 
40 film 9, LC layer 10, front buffing film 1 1 , and front polar- 
izer 15. The optical axes of the various components 
were oriented as follows: P F = 45°, P R = 135°, B R = 
135°, B F = 225°, T, = 225°, and T 2 = 315°. Retarders 2- 
6 were obtained from Fuji as discussed above in Exam- 
45 pie 3 and were configured as described. In this Example 
and all other examples herein, the tilt angle of retarders 
2 and 6 varied in a decreasing manner through the 
thickness of the retarders going away from the corre- 
sponding adhesive of the unit. It is noted that in this par- 
se ticular Example, the order of layers 6. 7, and 32 was 
reversed as compared to previous Examples herein. 
Figure 21 is a white light contrast ratio plot of the LV of 
this fifth Example, when 5.5 volts were applied in the on- 
state and 1 .7 volts in the off-state. The LC layer of this 
ss fifth Example had a thickness of 5.20 \xm. The maximum 
contrast ratio of this LV was 199.38, while the minimum 
was 0.52. 
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EXAMPLE 6 

In this sixth Example, an NW TN LV having a LC 
thickness of 5.2 urn was made and tested as follows. 
This LV is best illustrated by Figures 3, 4, 7, and 22 s 
herein. From the rear forward, the LC included the com- 
ponents illustrated in Figure 3. They were oriented as 
follows: P F at 46°, P R at 135°. B R at 135°, Bp at 225°, T-j 
at 225° , and T 2 at 315°. The retarders were as 
'described in Example 3. 10 

Figure 22 is a white light contrast ratio plot of the 
NW LV of this sixth Example, when 5.5 volts were 
applied in the on-state and 0 volts in the off-state. The 
maximum contrast ratio of this figure is 596.67 (at the 
cross) and the minimum contrast ratio was 4.16. is 

EXAMPLE 7 

In this seventh Example, the LV of Example 6 was 
provided with a negative uniaxial retarder 16 on the 20 
front of the display, as shown in Figures 5 and 8, this 
retarder having a retardation value d • (n x -n 2 ) of 
100 nm (C-plate). Figure 23 is a white light contrast ratio 
graph for the NW LV of this seventh Example, including 
the C-plate, when 5.5 volts were applied in the on-state 25 
and 0 volts in the off-state. The maximum contrast ratio 
of this LV in this particular plot was 264.28, while the 
minimum was 2.05. 

EXAMPLE 8 30 

In this eighth Example, an NW TN LV was simu- 
lated based upon the algorithms described in Example 
2. This simulated LV is fairly represented by Figures 1, 
7, and 24 herein. From the rear forward, this LV included 35 
rear polarizer 5, negative tilted retarder 2, negative 
uniaxial retarder 4, negative tilted retarder 6, negative 
uniaxial retarder 7, rear orientation film 9 with buffing 
direction B Rl LC layer 10, front orientation film 11 with 
buffing direction B R and finally front polarizer 15. The 40 
thickness of LC layer 10 is 5.20 urn, while the birefrin- 
gent value An of LC layer 10 was 0.084. Each of nega- 
tive uniaxial retarders 4 and 7 were 1 .0 \im thick, had no 
tilt, had an n e value of 1.52, and an n Q value of 1.57. 
Thus, An (n e - n Q ) for each of retarders 4 and 7 was - 45 
0.05, while d • An was -50 nm for each of retarders 4 
and 7. Meanwhile, each of tilted retarders 2 and 6 had a 
tilt which varied from 64° down to 4° throughout the 
thickness of the layers going toward LC layer 10. Fur- 
thermore, each of tilted retarders 2 and 6 had an n e so 
value of 1.52 and an n 0 value of 1.57, and thus a An 
value of -0.05. Tilted retarder 2 was 2.5 jxm thick while 
tilted retarder 6 was 2.9 thick. Thus, d • An of tilted 
retarder 2 was -125 nm while d • An of tilted retarder 6 
was -145 nm. The optical axes of the components of 55 
this LV were as follows: T 1 at 42°, B F at 45°, P F at 47°, 
T 2 at 134°, P R at 137°, and B R at 315°. Figure 24 is a 
green light contrast ratio graph of the LV of this eighth 



Example when 1.0 volts were applied in the off-state 
and 5.4 volts in the on-state. As can be seen, this LV 
exhibited excellent contrast, including a contrast ratio of 
at least 30:1 over a vertical angular span of at least 
about 100° and even up to about 110° at the -10° hori- 
zontal viewing angle. Furthermore, the LV of this Exam- 
ple exhibited contrast of at least about 30:1 over a 
horizontal angular span of at least about 80°, and even 
up to about 90° at the -20° and +20° vertical viewing 
angles. 

Once given the above disclosure, many other fea- 
tures, modifications, and improvements will become 
apparent to the skilled artisan. Such other features, 
modifications, and improvements are therefore consid- 
ered to be a part of this invention, the scope of which is 
to be determined by the following claims. 

Claims 

1. A normally white twisted nematic liquid crystal dis- 
play (LCD) comprising: 

a twisted nematic liquid crystal layer for twisting 
at least one normally incident wavelength of 
visible light from about 80°-100° when in the 
off-state; 

front and rear orientation means sandwiching 
said liquid crystal layer therebetween, said 
front orientation means including at least a 
front orientation direction and said rear orienta- 
tion means including at least a rear orientation 
direction different than said front orientation 
direction: 

first and second tilted retardation layers located 
on the rear side of said liquid crystal layer so as 
to be sandwiched between a rear polarizer and 
said liquid crystal layer, said second tilted retar- 
dation layer being disposed between said first 
tilted retardation layer and said liquid crystal 
layer; 

each of said first and second tilted retardation 
layers having an optical axis defining an azi- 
muthal angle, and a polar or inclined angle 
which varies through the thickness of the layer; 
and 

wherein said azimuthal angle of said 
first tilted retardation layer is oriented parallel 
±10° relative to said front orientation direction, 
and said azimuthal angle of said second tilted 
retardation layer is oriented anti-parallel ±10° 
relative to said rear orientation direction, and 
said azimuthal angle of said second tilted retar- 
dation layer is parallel ±10° relative to a trans- 
mission axis of said rear polarizer. 
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2. The LCD of claim 1 , wherein the azimuthal angle of 
said first tilted retardation layer is oriented perpen- 
dicular ±10° relative to the azimuthal angle of said 7 
second tilted retardation layer. 

5 

3. The LCD of claim 1, further comprising first and 
second negative retardation layers on the rear side 
of said liquid crystal layer, each of said first and sec- 
ond negative retardation layers being defined by 
one of: (i) n x > n y > n 2 ; and (ii) n x = n y > n 2 . w 

4. The LCD of claim 3, wherein each of said first and 
second tilted retardation layers has a negative bire- 
fringence and a retardation value d - (n G - n 0 ) of 
from about -20 to -200 nm. " ° 15 

5. The LCD of claim 1, wherein each of said first and 
second tilted retardation layers is oriented relative 
to a backlight such that the side of each of said 
tilted retardation layers having the largest tilt or 20 
incline angle is closest to said backlight and is first 8. 
hit by light emitted from said backlight. 

6. A normally white twisted nematic liquid crystal 
panel comprising: 25 

a liquid crystal layer for twisting at least one 
normally incident visible wavelength of light as 
it passes therethrough when said liquid crystal 
layer is in substantially the off-state so as to 30 
define a twisted nematic normally white dis- 
play; 

rear and front orientation layers each having a 
different alignment direction; 35 

at least one negative retarder means located 
on one side of said liquid crystal layer and hav- 
ing a retardation value d • (n x - n 2 ) of from 
about 1 0 nm to 1 50 nm and a retardation value 40 
d • (n x - n y ) of from about -20 nm to 20 nm; 

rear and front polarizers, each having a differ- 
ent transmission axis; 

45 

first and second negative tilted retarder means 
on the same side of said liquid crystal layer as 
said at least one negative retarder means, 
each of said first and second tilted retarder 
means having a retardation value so 
d • ( n G " n o) of ,rom about -20 to -200 nm; 

wherein an azimuthal direction of the 
retardation axis of said first tilted retarder 
means is parallel ±10° to the alignment direc- 
tion of the orientation layer located on the 55 
opposite side of said liquid crystal layer; and 

wherein the transmission axis of the rear 
polarizer is parallel ±1 0° to the alignment direc- 



tion of the rear orientation layer. 

A method of making a normally white twisted 
nematic liquid crystal display comprising the steps 
of: 

providing first and second negative tilted 
retarders whose tilt or incline angles vary in 
one direction through the thickness of the 
retarders; 

providing first and second negative non-tilted 
retarders; 

providing a twisted nematic liquid crystal layer; 
and 

orienting said tilted and non-tilted retarders so 
that the resulting display outputs contrast ratios 
of at least about 90:1 or 90 over a horizontal 
viewing angle span of at least about 120° at a 
given vertical viewing angle. 

A normally white twisted nematic liquid crystal dis- 
play comprising: 

a twisted nematic liquid crystal layer; 

first and second negative tilted retarder layers 
located on a first side of said liquid crystal layer, 
each of said first and second negative tilted 
retarder layers defining a tilt or incline angle 
which varies in at least one direction through- 
out the thickness of the layer; 

first and second polarizers located on opposite 
sides of said liquid crystal layer, said first polar- 
izer being located on the same side of said liq- 
uid crystal layer as said first and second 
negative tilted retarder layers; 

first and second orientation layers having first 
and second orientation directions, respectively, 
said first orientation layer with said first orienta- 
tion direction being located on the same side of 
said liquid crystal layer as said first polarizer, 
and said second orientation layer with said sec- 
ond orientation direction being located on the 
same side of said liquid crystal layer as said 
second polarizer; 

said first polarizer having a transmission axis 
oriented parallel ±10° (substantially parallel) to 
said first orientation direction, and said second 
polarizer having a transmission axis oriented 
parallel ±10° (substantially parallel) to said sec- 
ond orientation direction; and 

wherein the transmission axis of said 
first polarizer is oriented perpendicular ±10° to 
the azimuthal element of the optical axis (T^ of 
said first tilted retarder layer, and wherein said 
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first tilted retarder layer is located in between 
said first polarizer and said second tilted 
retarder layer. 

9. The display of claim 8, wherein said first and sec- 5 
ond negative tilted retarder layers and said polariz- 
ers and said orientation directions are oriented 
relative to one another so that the display outputs 
contrast ratios of at least about 90:1 over a horizon- 
tal viewing angle span of at least about 120° at a 10 
given vertical viewing angle. 

10. The display of claim 8, further comprising first and 
second non-tilted negative retarder layers on the 
same side of said liquid crystal layer as said first 15 
and second tilted retarders. 

11. The display of claim 10, wherein said first non-tilted 
negative retarder is located between said first and 
second tilted retarders, and said second non-tilted 20 
retarder is located in between said second tilted 
retarder and said liquid crystal layer. 

12. The display of claim 11, wherein each of said first 
and second negative non-tilted retarder layers has 25 
a retardation value d • (n x - n z ) of from about 10 

- 1 50 nm and a retardation value d • (n x - n y ) of 
from about -20 to +20 nm. 

1 3. The display of claim 1 1 , wherein each of said first 30 
and second negative tilted retarder layers has a 
retardation value d • (n e - n c ) of from about -20 

to -200 nm. 

14. The display of claim 13, wherein each of said tilted 35 
retarder layers has a retardation value 

d • (n e -n Q ) of from about -100 to -150 nm. 

15. The display of claim 8, wherein said retarders, ori- 
entation layers, and polarizers are oriented so that 40 
the display exhibits a contrast ratio of at least about 
100:1 or 100 at the 15° vertical viewing angle over 

a horizontal angular span of at least about 110°. 

1 6. The method of claim 7, further including the step of as 
orienting the retarders so that the display outputs 
contrast ratios of at least about 100:1 or 100 at the 

1 5° vertical viewing angle over a horizontal angular 
span of at least about 110°. 

50 

17. A normally white twisted nematic liquid crystal dis- 
play comprising: 

a liquid crystal layer for twisting at least one 
normally incident visible wavelength of light as 55 
it passes therethrough when said liquid crystal 
layer is in substantially the off-state so as to 
define a twisted nematic normally white dis- 



play: 

at least one orientation layer in contact with 
. said liquid crystal layer, said orientation layer 
having an alignment direction; 

at least one negative retarder located on one 
side of said liquid crystal layer and having a 
retardation value d • (n x - n z ) of from about 
10 - 150 nm and a retardation value 
d * (n x - n y ) of from about -20 to +20 nm; 

at least one polarizer; 

first and second negative tilted retarders, each 
of said first and second negative tilted retarders 
having a retardation value d • (n e - n D ) of 
from about -20 to -200 nm; and 

wherein each of said negative retarder, 
said first negative tilted retarder, and said sec- 
ond negative tilted retarder are oriented rela- 
tive to one another so that the display outputs 
contrast ratios of at least about 90:1 or 90 over 
a horizontal angular viewing span of at least 
about 120° at a given vertical viewing angle. 

18. The display of claim 17, wherein said first and sec- 
ond negative tilted retarders each have a retarda- 
tion value d • (n e - n 0 ) of from about -50 nm to - 
150 nm. 

19. A normally white twisted nematic liquid crystal dis- 
play comprising: 

a twisted nematic liquid crystal layer; 
first and second negative tilted retarder layers, 
each defining a tilt or incline angle which varies 
in at least one direction throughout the thick- 
ness of the layer; 

each of said first and second negative tilted 
retarder layers having a retardation value 
d • (n z -n x ) of from about -50 to -150 nm, 
and a retardation value d • (n 2 - n y ) of from 
about -50 to -1 50 nm; 

first and second negative retardation layers (4, 
7) each having a retardation value 
d • (n x - n 2 ) of from about +10 to +150 nm 
and a retardation value d • (n x - n y ) of from 
about -20 to +20 nm; and 

wherein each of the aforesaid retarders 
is oriented relative to one another and to polar- 
izers of the display so that the display outputs a 
contrast ratio of at least about 90:1 or 90 over a 
horizontal viewing angular span of at least 
about 120° at a given vertical viewing angle. 



14 



EP 0 887 691 A2 




EP 0 887 691 A2 




4- 

21°° 



16 



EP 0 887 691 A2 




17 



EP 0 887 691 A2 




18 



EP 0 887 691 A2 




19 



EP 0 887 691 A2 




/r/6-. G 



20 



BP 0 887 691 A2 




EP 0 887 691 A2 




22 



4 



EP 0 887 691 A2 




23 



EP 0 887 691 A2 




24 



EP 0 887 691 A2 




25 



EP 0 887 691 A2 



o to t w o eo 




26 



EP 0 887 691 A2 




EP 0 887 691 A2 




28 



EP 0 887 691 A2 





<N ^ U) ffi N -CO 

cNoiiNoirjnn'wi 




< • 


[ 

i \ 


i\ 

i \ 
\ 








T" 






\ 








\ 


1 


\ 




i J 


-3 1 


\ \ 


1 


> f 

: 


> 
> 

< 


1 tr> T r 
1 

> II 

k. : : 1 l 


i J 

! 


i 

c 

J 


HC 


i — r ; 

■ 




\ \ 




1 


3 : j e- 


i > 

i 

j a 


: 
i 
i 
i 

! 
i 


\ t 

\ 1 

\. | 
\l 

r 





30 



EP 0 887 691 A2 




31 



EP 0 887 691 A2 




32 



EP 0 887 691 A2 




33 



EP 0 887 691 A2 




34 



EP 0 887 691 A2 




35 



EP 0 887 691 A2 




36 



EP 0 887 691 A2 



■ ■ O ■ SHOOK 




37 



i 1<»» 

> 



